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Abstract 23 
The Datangpo Formation manganese deposits (DFMnD) in South China formed 24 
during the interglacial stage between the Sturtian and Marinoan glaciations of the 25 
Cryogenian period. These black shale-hosted deposits are composed of massive Mn-26 
carbonates with microscopic laminae/laminations and cherty veins. To date, it has 27 
been thought that the DFMnD formed through inorganic processes, which were 28 
controlled by redox changes in the post-Sturtian Nanhua Rift Basin, South China. 29 
However, in this study, systematic petrographic, mineralogical, and geochemical 30 
analyses indicate a microbially mediated origin of the Mn ore deposits. Mineralized 31 
microbial woven micro-textures (observed at the μm scale) and microbial fossils are 32 
common in the laminated Mn-carbonate ores. We infer that microbial enzyme activity 33 
formed poorly crystallized Mn oxide/hydroxides and carbonaceous material, which 34 
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transformed to rhodochrosite, kutnohorite, ankerite/dolomite, framboidal pyrite, and 35 
apatite via diagenesis. Some micro-scale quartz and K-feldspar may be detrital but 36 
most appears to have formed during diagenesis or through hydrothermal activity. A 37 
micro-mineralogical profile determined by 2500 spectra via high-resolution in situ 38 
micro-Raman spectroscopy also revealed cyclic laminations of Ca-rhodochrosite as 39 
microbialite (ankerite/dolomite) and quartz, indicating a mineralized biomat system. 40 
Ca-rhodochrosite transformed to kutnohorite under elevated temperatures, as 41 
indicated by the maturation level of organic matter (determined via Raman 42 
spectroscopy). Alternating micro-laminae denote cyclic changes in microbial groups 43 
(Mn- and Fe-oxidizing microbes versus cyanobacteria) during the formation of the 44 
Mn ore deposits. Our proposed model for the microbially mediated metallogenesis of 45 
Mn-carbonate deposits begins with enzymatic multi-copper oxidase processes 46 
associated with autotrophic microbial activity under obligatory oxic conditions, which 47 
results in the precipitation of Mn bio-oxides. Following their burial in organic-rich 48 
sediments, the Mn(IV) oxides and hydroxides are reduced, producing soluble Mn(II) 49 
via processes mediated by heterotrophic microbes under suboxic conditions, which in 50 
turn form the Mn-carbonates. This microbial metallogenesis model for the 51 
Cryogenian DFMnD in South China is similar to that proposed for the Jurassic Úrkút 52 
Mn deposit in Hungary, indicating that a two-step microbially mediated process of 53 
Mn ore formation might be common throughout geological history. 54 
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1. INTRODUCTION 58 
The Cryogenian period (~720–635 Ma) experienced dramatic global climate 59 
swings between glacial and interglacial stages (Hoffman et al., 1998; Fairchild and 60 
Kennedy, 2007; Pierrehumbert et al., 2011). The Sturtian (~720–660 Ma) and 61 
Marinoan (~650–635 Ma) glaciations deposited glacial sediments worldwide, with 62 
interglacial deposits between the two that are typically marked by a basal cap 63 
carbonate and overlying clastic or carbonate deposits (Corsetti and Lorentz, 2006). 64 
Cryogenian geobiology and fossil records have sparked considerable interest in recent 65 
decades (Hoffman et al., 2017), and studies have shed light on important issues 66 
relating to the evolution of early life. Notable examples include studies on early life 67 
forms in extreme cold environments and their evolutionary significance in geological 68 
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history (Ye et al., 2015; Brocks et al., 2016), as well as biotic recovery following 69 
glacial stages (Yin, 1990; Wang et al., 2008; Pruss et al., 2010; Le Ber et al., 2013). 70 
A complete Cryogenian sequence can be found in the Nanhua Basin of the South 71 
China Craton (Dobrzinski and Bahlburg, 2007; Huang et al., 2014). Geochronological 72 
data suggest that the diamictite deposits in the Jiangkou–Chang’an (or Gucheng, 73 
Tiesi’ao) Formation and Nantuo Formation represent Sturtian and Marinoan glacial 74 
deposits, respectively (Zhou et al., 2004; Zhang et al., 2008a; Lan et al., 2014, 2015; 75 
Liu et al., 2015; Yu et al., 2017). The Cryogenian interglacial deposits in South China 76 
are collectively referred to as the Datangpo Formation, and are marked by basal Mn-77 
carbonate ore deposits (Chen et al., 2008; Li et al., 2012; Wu et al., 2016; Yu et al., 78 
2016). Recent studies on the Datangpo Formation indicate stepwise oxidization of 79 
seawater in the Nanhua Basin after the Sturtian glaciation (Li et al., 2012; Zhang et 80 
al., 2015; Yu et al., 2016; Ye et al., 2018). As such, it has been proposed that the 81 
Datangpo Formation Mn deposit (DFMnD) formed via an inorganic redox-controlled 82 
mechanism (Wu et al., 2016; Yu et al., 2016). Although evidence of microbial activity 83 
(e.g., fossils of microalgae, biomarker data, and framboidal pyrite) has been reported 84 
for the DFMnD, the linkage between microbes and Mn metallogenesis has long been 85 
neglected (Yin, 1990; Fan et al., 1993; Fan et al., 1999; Wang et al., 2008). 86 
Biochemical and geobiological research has revealed the important role that 87 
microbes play in the formation of Mn minerals in sediments. New microbial pathways 88 
for the formation of Mn-rich deposits indicate that Mn fixation begins with the 89 
microbially mediated oxidation of soluble Mn(II) to solid Mn(III/IV) oxides within 90 
the sediment (Nealson et al., 1988; Mandernack et al., 1995; Tebo et al., 2004; Webb 91 
et al., 2005). Mn(IV) oxides may then be further reduced to form Mn-carbonates or 92 
Mn-silicates, also through microbially mediated processes (Thamdrup et al., 2000; 93 
Johnson et al., 2016a,b). A series of recent publications examining the participation of 94 
microbes in the genesis of selected Mn deposits ranging in age from Precambrian to 95 
Mesozoic suggest a common microbially mediated metallogenic mechanism (Fan et 96 
al., 1999; Polgári et al., 2012a, 2012b, 2016b; Biondi and Lopez, 2017; Rajabzadeh et 97 
al., 2017). 98 
In this study, we carried out detailed micro-scale petrographic and mineralogical 99 
analyses of the Cryogenian age DFMnD, and our extensive high-resolution dataset 100 
suggests that microbial activity played a fundamental role in its metallogenesis. 101 
 102 
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2. GEOLOGICAL SETTING 103 
The study area is located in northeastern Guizhou Province, South China (Fig. 1A). 104 
Tectonically, it belongs to the southeastern margin of the Yangtze Block, where the 105 
Nanhua Rift Basin developed after the Tonian period (Wang and Li, 2003). During 106 
the Cryogenian, the E–W-trending Nanhua Rift Basin was divided into three main 107 
paleogeographic units: the Wuling and Xuefeng Sub-rift Basins to the north and 108 
south, which were separated by the Tianzhu–Huaihua Uplift region (Zhou et al., 109 
2016) (Fig. 1B). Cryogenian successions are found in both the sub-rift basins and 110 
uplift areas. In the Wuling Sub-rift Basin and Tianzhu–Huaihua Uplift region, the 111 
Cryogenian successions are divided into the Tiesi’ao, Datangpo, and Nantuo 112 
Formations in ascending stratigraphic order. The Tiesi’ao Formation represents the 113 
Sturtian glacial deposit and consists of >1–15 m thick, massive, dark gray diamictite 114 
or dolomitic diamictite gravels, both with poor roundness and sorting. The Datangpo 115 
Formation represents the post-Sturtian interglacial and was deposited over a ~10 Myr 116 
interval (663–654 Ma) (Zhou et al., 2004; Liu et al., 2015; Yu et al., 2017; Bao et al., 117 
2018). It can be subdivided into three members: the first member consists of 0.5–15 m 118 
of laminated or massive Mn-carbonate and Mn-bearing shale or 2–4 m of dolomite; 119 
the second is comprised of 1–20 m of pyritic black shales; and the third member 120 
consists of 100–700 m of gray and yellow sandy or muddy siltstone (Yu et al., 2016, 121 
2017). The Nantuo Formation represents another massive diamictite deposit with a 122 
thickness of between 60 and 200 m; U–Pb isotope ages of 654–635 Ma constrain it as 123 
a Marinoan glaciation deposit (Condon et al., 2005; Zhang et al., 2008b). 124 
The thickness of Cryogenian successions in the Nanhua Rift Basin varies 125 
dramatically between the uplift region and sub-rift basin area (Fig. 1C). In the uplift 126 
region, the Datangpo Formation is typically <20 m thick, and lithological units are 127 
sometimes absent (e.g., the Tiesi’ao Formation, the first and second members of the 128 
Datangpo Formation) (Zhou et al., 2016). In the sub-rift basin region, the thickness of 129 
the Cryogenian succession is greater than in the uplift region and there are further 130 
differences between the successions in the grabens and horsts of the sub-rift basin. In 131 
the graben areas, “typical” Cryogenian successions are present: that is, the Tiesi’ao 132 
Formation is widely distributed and consists of diamictite, and the overlying several-133 
hundred-meter-thick Datangpo Formation contains full Mn ore and black shale 134 
members. Conversely, recent research has revealed that in the horst areas the Tiesi’ao 135 
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Formation consists mainly of dolomitic diamictite and the first member of the 136 
Datangpo Formation lacks the Mn ore deposit, instead containing a 2–4 m thick layer 137 
of dolomitic cap carbonate (Yu et al., 2017). 138 
 139 
3. SAMPLES 140 
Samples from three sites were investigated in this study, including two mining 141 
tunnel sections (LB-A and LB-B) and one drill core section (ZK2001). These three 142 
sections are located in the south of Wuluo village, Songtao County, southeastern 143 
Guizhou (Fig. 2). The Datangpo Formation in the mining tunnel and drill core can be 144 
found at depths of 800–1000 m. 145 
The Cryogenian successions at these sample sites have similar lithological features 146 
(Fig. 3). At the base of the succession, the 3–4 m thick diamictites of the Tiesi’ao 147 
Formation lie unconformably on the Tonian Qingshuijiang Formation sandstone. The 148 
overlying Datangpo Formation ranges in thickness from 209 to 391 m. The 1.2–4.6 m 149 
thick first member (Mn ore layer) of the Datangpo Formation consists mainly of 150 
laminated Mn-carbonate deposits. The Mn ore layer is overlain by the black shale 151 
(second member) and the thicker clayey siltstone (third member). The diamictite of 152 
the Nantuo Formation sits unconformably on the Datangpo Formation. A 153 
representative sample LB-171 was collected from the boundary between the Mn ore 154 
deposit and the overlying black shale in mining tunnel LB-A. Representative samples 155 
LB-304 and ZK2001-183 were collected from the laminated Mn ore layer in mining 156 
tunnel LB-B and drill core ZK2001 (Fig. 3). 157 
Covered thin sections were made from laminated Mn ore samples LB-304 and 158 
ZK2001-83, and black shale sample LB-171 for examination via optical microscopy 159 
(OM) (Fig. 4). A piece of laminated Mn carbonate ore (LB-304-Mn-ore) was 160 
examined for bulk X-ray diffraction (XRD), and a thin section (HU-LB-304) of this 161 
rock sample was used for optical rock microscopy, Raman spectroscopy, X-ray 162 
fluorescence (XRF), Fourier-transform infrared spectroscopy (FTIR), 163 
cathodoluminescence (CL), and scanning electron microscope energy dispersive X-164 
ray spectroscopy (SEM-EDS) studies. 165 
 166 
4. METHODS  167 
 168 
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4.1. Optical rock microscopy (OM) 169 
Petrographic structural-textural studies were made on four thin section in 170 
transmitted light (NIKON SMZ800 microscope and NIKON ECLIPSE 600 rock 171 
microscope in the Institute for Geological and Geochemical Research, Research 172 
Centre for Astronomy and Earth Sciences, Hungarian Academy of Sciences (IGGR 173 
RCAES HAS, Budapest, Hungary). In total, 96 photos and panorama photo series of 174 
all thin sections were taken. 175 
 176 
4.2. Cathodoluminescence microscopy (CL) 177 
Cathodoluminescence (CL) petrography was carried out on 1 thin section and an 178 
ore slice using a Reliotron cold cathode cathodoluminescence apparatus mounted on a 179 
BX-43 Olympus polarization microscope (Szeged University, Hungary). Accelerating 180 
voltage was 7-7.7 keV during the analysis. Cathodoluminescence spectra were 181 
recorded by using an Ocean Optics USB2000+VIS-NIR spectrometer. Spectrometer 182 
specifications are 350-1000 nm wavelength range, and 1.5 nm (FWHM) optical 183 
resolution. Interpretation was made according to Marshall (1998). 184 
 185 
4.3. X-Ray powder diffraction (XRD) 186 
Mineralogical analyses were performed on 1 bulk sample (LB-304) using a 187 
Rigaku Miniflex-600 X-ray diffractometer (XRD), with carbon monochromator and 188 
Cu-Kα radiation, at 40 kV and 15 mA (IGGR RCAES HAS, Budapest, Hungary). 189 
Mineral composition was determined on randomly oriented powdered samples. The 190 
diffraction patterns were processed using Siroquant V4 software, and the modal 191 
contents were determined by the Rietveld method. 192 
 193 
4.4. FTIR-ATR 194 
Fourier transform infrared spectrometer (FTIR) was used for in situ micro-195 
mineralogy and organic material identification on one thin section (55 spectra were 196 
taken at 12 measuring points, IGGR RCAES HAS, Budapest, Hungary), using a 197 
Bruker FTIR VERTEX 70 equipped with a Bruker HYPERION 2000 microscope 198 
with a 20x ATR objective and MCT-A detector. During attenuated total reflectance 199 
Fourier transform infrared spectroscopy (ATR) analysis, the samples were contacted 200 
with a Ge crystal (0.5 micron) tip with 1 N pressure. The measurement was conducted 201 
for 32 seconds in the 600–4000 cm-1 range with 4 cm-1 resolution. Opus 5.5 software 202 
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was used to evaluate the data. The equipment cannot be used for Mn-oxide 203 
determination because those peaks fall in the <600 cm-1 range. Contamination by 204 
epoxy glue and glass were taken into consideration. 205 
 206 
4.5. Raman spectroscopy 207 
Raman spectroscopy is a very efficient and sensitive method to determine the 208 
mineralogical and organic matter compositions and distributions in the sample, which 209 
are important for genetic interpretations (Larsson and Rand, 1973; Orange et al., 210 
1996; Chen et al., 2007; Jehlička et al., 2009; Okolo et al., 2015). High resolution in 211 
situ micro-Raman spectroscopy was used for micro-mineralogy and organic matter 212 
identification and distribution on 1 thin section (HU-LB-304), resulting in 2500 213 
spectra (Szeged University, Hungary). A Thermo Scientific DXR Raman Microscope 214 
was used, with a 532 nm (green) diode pumped solid-state (DPSS) Nd-YAG laser 215 
using 2.0 mW laser power, 50x objective lens in confocal mode (confocal aperture 50 216 
µm pinhole). Acquisition time was 30 sec and spectral resolution was ~2 cm-1 at each 217 
measurement; the distance between each point was 10 µm. A composite image of thin 218 
sections of Raman microscopy measurements and series of Raman spectra acquired 219 
along the vertical sections is indicated on thin section photos (arrow points to 220 
measurement direction). Diagrams were organized on peak height versus analytical 221 
spot number of each of the phases along the Raman scanned section. Intensities were 222 
normalized to the highest peak for each spectra. The following Raman bands were 223 
used for normalization: rhodochrosite: ~1086 cm-1, kutnohorite: ~1083 cm-1, 224 
ankerite/dolomite: ~1093-96 cm-1, apatite: ~965 cm-1, quartz: ~463 cm-1; 225 
carbonaceous matter: ~1605 cm-1. Identification of minerals was made with the 226 
RRUFF Database (Database of Raman-spectroscopy, X-ray diffraction, and chemistry 227 
of minerals: http://rruff.info/). Contamination by epoxy glue was taken into 228 
consideration. The sensitivity of FTIR is better than that of Raman spectroscopy for 229 
organic matter. 230 
 231 
4.6. EPMA-EDS 232 
Element composition and microtextural features of one thin section (HU-LB-233 
304) were determined at 1-2 μm spatial resolution on a carbon-coated sample using a 234 
JEOL Superprobe 733 electron microprobe with an INCA Energy 200 Oxford 235 
Instrument Energy Dispersive Spectrometer, run at 20 keV acceleration voltage, 6 nA 236 
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beam current and count time of 60 s for the spot measurement and 5 min for line-scan 237 
analysis. Olivine, albite, plagioclase and wollastonite standards were used; we 238 
estimated that the detection limit for the main elements was below 0.5% based on 239 
earlier measurements with various samples (IGGR RCAES HAS, Budapest, 240 
Hungary). 180 spectra were aquired, and 26 back scattered electron images were 241 
made. 242 
 243 
4.7. Energy dispersive (EDS) X-ray fluorescence analysis (XRF) 244 
Energy dispersive (EDS) X-ray fluorescence analyses were made on thin section 245 
by Horiba Jobin Yvon XGT 5000 X-ray fluorescence microscope (Szeged University, 246 
Hungary). Measurement conditions were 50 kV beam voltage, 0.1 mA beam current, 247 
and 10 μm beam spot diamater. Every single analyzed area was 1 mm * 5.124 mm 248 
along a line (longer side of the analyzed area were parallel with the line in each case) 249 
perpendicular to the lamination of the sample. Analyzed areas were divided into 512 * 250 
100 pixels with 0.01 mm2 size of each pixel. Intensity of each element was measured 251 
in counts per second (cps). 252 
 253 
5. RESULTS 254 
 255 
5.1. Optical microscopy (OM) 256 
Textural observations of the thin sections reveal mineralized biomats (Fig. 4), 257 
which are clearly visible in the lower magnification OM images. The thin sections of 258 
the laminated Mn ore and black shale show very similar features. OM examination of 259 
all the thin sections at high resolution (1000) reveals a series of biomat 260 
microstructures as the main constituents (Fig. 5). These microstructures are 261 
filamentous, and have bead-like, or coccoid forms, and the fabrics of the entire 262 
samples are densely woven. 263 
In the thin section of HU-LB-304, segregated quartz precipitates are generally 264 
widespread and associated with very fine-grained carbonates. These mostly follow the 265 
original lamination of the sample, partially cross-cutting it in places (Fig. 4H). The 266 
quartz and carbonate are often found to be mixed on a very small scale. Although 267 
laminations are observed in the thin section, detrital interbedding is not observed. The 268 
fine-grained matrix consists of carbonate (Ca-rhodochrosite, kutnohorite, and 269 
ankerite), with additional organic matter, apatite, pyrite, and quartz. Rhodochrosite, 270 
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kutnohorite, and quartz were also detected by XRD. In the middle part of the thin 271 
section (HU-LB-304), quartz-rich laminae consisting more or less rhodochrosite are 272 
present. The elongated fibrous microstructure of the quartz crystals is characteristic of 273 
precipitation from a fluid that percolated across a laminated rock during a process 274 
involving hydrodynamic diffusion (Fig. 4H) (Bons, 2000; Bons et al., 2012). 275 
 276 
5.2. Cathodoluminescence (CL) 277 
In CL images (Fig. 6), the fine-grained rhodochrosite (mixed carbonate) gives a 278 
dull reddish (orange) luminescence color and has the appearance of compact 279 
carbonate (ore) “blocks” or lenses (“birds eye”). However, small differences in CL 280 
may reflect transitional carbonate mineral phases. The CL of the segregated quartz is 281 
not clear as the mixed carbonate (the ore phase) dominates. Late diagenetic or 282 
younger carbonate and quartz vein fillings are clearly visible. 283 
The numerous small and large bright yellow mineral grains are apatite, and often 284 
have a paler margin (Fig. 6E, F). The spectra taken from the drill core sample support 285 
the idea of REE (Tm3+?, Dy3+, Sm3+, Eu3+, Nd3+) and probably Mn2+ as activator 286 
elements. Thus, the paler CL color seen at the margins of the apatite grains is 287 
probably caused by the activation of Mn2+ ions. The apatite grains occur along the ore 288 
lenses and laminae in a woven fine-grained matrix, which mark the grain borders as 289 
accompanying series of minerals. Detrital grains (quartz clasts, feldspar, and lithic 290 
fragments) are not shown to be dominant constituents in the CL images. 291 
CL examination of a rock slice also shows dull reddish orange carbonate 292 
luminescence, and the apatite minerals clearly follow the same woven structure. A 293 
dull lilac luminescence color marks the presence of quartz (Fig. 6E, F) and the orange 294 
vein filling is probably diagenetic kutnohorite (Polgári et al., 2007). 295 
 296 
5.3. FTIR 297 
A total of 55 FTIR spectra were produced from 12 positions within thin section 298 
HU-LB-304. FTIR confirms the presence of carbonate (rhodochrosite, kutnohorite, 299 
and siderite), quartz, apatite, feldspar, pyrite, ferrihydrite, lepidocrocite, hematite, and 300 
various types of organic matter (aliphatic carbon–hydrogen bound) (Madejova and 301 
Komádel, 2001; Parikh and Chorover, 2006; Polgári et al., 2007; Glotch and 302 
Rossman, 2009; Beasley et al., 2014; Müller et al., 2014) (Table S1). As stated above, 303 
both OM and CL observations indicate that the sample is very fine-grained with no 304 
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obvious detrital minerals. The detection of feldspar in the FTIR spectra indicates that 305 
it occurs as a very fine-grained component in the laminated Mn ore; it has low 306 
intensity and wider peaks suggesting an authigenic origin. Pyritiferous parts are 307 
clearly visible and have a yellowish color. Ferrihydrite occurs in the vicinity of pyrite. 308 
 309 
5.4. EPMA-EDS 310 
The micro-scale lamination and woven biomat-like texture is clearly visible in Fig. 311 
7 and SI 1 (HU-LB-304) and the minerals are very fine-grained and mixed. Some 312 
apatite grains reach a few tens of µm in size and pyrite grains (commonly framboidal) 313 
appear to follow the woven laminae. The light gray parts consist of a mixture of Ca-314 
rhodochrosite and kutnohorite and also probably contain ankerite. The darker woven 315 
laminae consist of K-feldspar, quartz, and illite, and are very fine-grained (5–30 μm), 316 
which appears to exclude a detrital origin; these minerals are probably diagenetic 317 
products of extracellular polymeric substances (Dupraz and Visscher, 2005; Gyollai et 318 
al., 2015, 2017). In particular, structures that are very similar to those found in the 319 
microbial fossil record (see Polgári et al., 2012 a,b) were observed in the light gray 320 
parts (Fig. 7D). The preliminary results for the proposed mineralogy at the points on 321 
the photographs are shown in SI 1 and the chemical composition (in wt.%) is 322 
presented in Table S2. It is clear that in many cases the measurements were made on a 323 
mixture of different minerals due to the very fine grain size. The composition of Ca-324 
rhodochrosite and kutnohorite is very variable. Mg is a prevailing accompanying 325 
element, and Fe occurs frequently. 326 
 327 
5.5. Raman spectroscopy 328 
The 2500 spectra were examined for their micro-mineralogical and organic matter 329 
compositions and mineral distribution along the thin section profile (Fig. 8A). The 330 
mineral distributions were evaluated visually, based on a series of Raman profiles 331 
using a 10 µm scale (SI 2). Rhodochrosite, kutnohorite, ankerite/dolomite, quartz, 332 
pyrite, apatite, feldspar, and carbonaceous material were detected (SI 2). 333 
The cyclicity of the organic material cannot be determined based on the first 500 334 
spectra. The organic matter consists mainly of kerogen, bound to carbonates. 335 
Manganite (the trace of a proto-Mn-oxide phase) is rare in the spectra. Hematite is 336 
present and may represent a remnant of Fe-biomats, as observed in the microscope 337 
images, where it forms a brown filamentous micro-texture (Fig. 5). 338 
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We investigated the thickness and microstructure of the laminae; the number of 339 
peaks per 1 mm section is summarized in Table S3A–B and Fig. 8 along with 340 
calculated lamina thickness. The zigzag pattern in the mineral distribution reveals 341 
cyclicity in the mineral formation; when biofilms mineralized they transformed to 342 
microbialite, which is a series of mineral laminae for now with a given few tens of cm 343 
thickness (SI 2 and 3). The average thickness of a peak (microlamina) is 24 µm, the 344 
minimum is 18 µm, and the maximum is 48 µm. Ca-rhodochrosite laminae show a 345 
peak thickness of 20–30 µm and 14–38 peaks occur in every 1 mm interval. 346 
Kutnohorite laminae show a peak thickness of 20–30 µm and 1–34 peaks occur in 347 
every 1 mm interval. Quartz laminae have a peak thickness of 20–30 µm and peaks of 348 
quartz can merge into thicker layers. Pyrite, apatite, and feldspar occur randomly, 349 
while carbonaceous material is constantly present. The peaks of Ca-rhodochrosite, 350 
kutnohorite, and ankerite show no sign of overlapping; they alternate with each other, 351 
indicating that ankerite (Fe-bearing phase) is an independent phase. For better 352 
visibility, the overlapped positions of Ca-rhodochrosite + kutnohorite, Ca-353 
rhodochrosite + ankerite/dolomite, Ca-rhodochrosite + quartz, and Ca-rhodochrosite + 354 
kutnohorite + quartz are presented in SI 3. Ca-rhodochrosite and kutnohorite represent 355 
one system, with overlapping of the two mineral phases occurring in the entire micro-356 
laminae system. Quartz also forms microlaminae. XRF was used to generate a profile 357 
of chemical composition parallel to the Raman trace. As the elements belong to 358 
different mineral phases of variable composition, the data are supplemental (SI 2). 359 
The Raman carbonaceous material geothermometer using peak width was applied 360 
to the first part of the thin section, based on the method of Kouketsu et al. (2014) (Fig. 361 
9). This demonstrated that the highest temperatures (Tmax) reached during the thermal 362 
evolution history of the DFMnD were in the range 250–330 ºC. 363 
 364 
6. DISCUSSION 365 
 366 
6.1. Microbial metallogenesis of the DFMnD 367 
6.1.1. Sediment accumulation stage of the Mn ore deposit 368 
During the Sturtian glaciation, the Nanhua Rift Basin was highly restricted and 369 
anoxic due to the presence of the marginal barrier of the rift basin and globally low 370 
sea-levels (Li et al., 2012; Zhang et al., 2015). After the deglaciation, the development 371 
of an oxic surface water mass, as well as inputs of nutrients from the open sea and 372 
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terrestrial weathering products led to the recovery of marine microbe communities. 373 
The idea of enhanced microbial activity and higher primary productivity in the post-374 
Sturtian Nanhua Rift Basin is supported by several lines of evidence: (a) high TOC 375 
contents (1.4%–3.5%) in the post-glacial Mn ore and black shale deposits (Yu et al., 376 
2016); (b) positive shifts in δ13Ccarb records from the post-Sturtian cap carbonate 377 
deposits (Yu et al., 2017); and (c) the microbial fossils, biomarker data, and 378 
microbially produced micro-texture (MMPT) of the minerals (Yin, 1990; Tang and 379 
Liu, 1999; Wang et al., 2008 and this study). Based on these findings, we assume that 380 
the sediment surface in the post-Sturtian Nanhua Rift Basin was densely colonized by 381 
microbes and that this was probably a common scenario in the post-Sturtian oceans 382 
worldwide (Pruss et al., 2010; Bosak et al., 2011; Le Ber et al., 2013, 2015). Because 383 
clay-sized terrigenous detrital particles were only detected by FTIR, SEM, and Raman 384 
spectroscopy, we suggest that the terrigenous input was limited during the formation 385 
of the laminated Mn ore deposits. This limited input is probably due to the fact that: 386 
(a) the study area was in the central region of the graben in the Wuling Sub-rift Basin 387 
where minimal terrigenous materials reached; (b) the first member (Mn ore deposit) 388 
and the second member (black shale) of the Datangpo Formation represent deposits 389 
formed during marine transgressions with very low sedimentation rates (<3 cm/kyr; 390 
Bao et al., 2018). 391 
Previous work has emphasized that changes in redox conditions in the marine 392 
environment were the key factor governing the formation of the Cryogenian Mn ore 393 
deposit in the Nanhua Basin (Wu et al., 2016; Yu et al., 2016). In the post-glacial 394 
episodic ventilation model, the anoxic Nanhua Basin accumulated abundant dissolved 395 
hydrothermally derived Mn(II) during the Sturtian glaciation. When glaciation ended 396 
and a redox-stratiﬁed water column developed in the basin with an oxic surface layer 397 
and an anoxic deep layer, the accumulated dissolved Mn(II) was oxidized and 398 
precipitated as Mn-oxides on the basin ﬂoor during the episodic input of oxic bottom 399 
water. Yu et al. (2016) hypothesized that Mn(II) enzymatic oxidation was a possible 400 
mechanism for the fixation of dissolved Mn(II), but without any solid evidence. In 401 
this study, the microbe fossils, interwoven textures, and micro-scale Ca-rhodochrosite 402 
+ kutnohorite laminations preserved in the Mn ore samples as microbialites, all 403 
indicate that the micro-scale laminations were generated by microbial activity (biomat 404 
system) during the formation of the Mn-carbonate ore deposits of the DFMnD. 405 
13 
Microbially mediated Mn fixation has been considered an important mechanism 406 
for Mn enrichment in sediments. Diem and Stumm (1984) reported that even in the 407 
presence of relatively high oxygen levels, Mn did not precipitate from sterile 408 
solutions, implying the need for catalysis. Such catalytic reactions have, for instance, 409 
been observed on the surfaces of dormant bacterial spores (Nealson and Tebo, 1980; 410 
Rosson and Nealson, 1982) or in association with exopolymers (extracellular 411 
oxidation; Ghiorse, 1986). After the Sturtian glaciation, recovery of the microbes in 412 
the Nanhua Rift Basin activated the Mn cycle between the seawater and sediments 413 
(Johnson et al., 2016b). Two kinds of microbial groups, Mn-oxidizing microbes and 414 
cyanobacteria, led the Mn enrichment process during this period. The enzymatic 415 
Mn(II) oxidation conducted by Mn-oxidizing microbes resulted in the accumulation 416 
of δ-MnO2 bio-oxide as very fine-grained ooze within the cyanobacterial organic 417 
network (e.g., extracellular polymeric substance or EPS; Table 1; Fig. 10A). This 418 
process sequestered Mn(II) from solution to the solid phase and was accompanied by 419 
microbially mediated Mg enrichment (Havig et al., 2015). There was no evidence for 420 
the formation of authigenic clay minerals or other minerals, but considerable amounts 421 
of microbial organic matter had clearly accumulated in this stage. Cyanobacterial 422 
activity also recovered in the post-Sturtian Nanhua Rift Basin, as shown by biomarker 423 
(Wang et al., 2008) and carbon isotope evidence (Yu et al., 2017). Bioessential 424 
elements, including Ca, Si, and P, were enriched in the cyanobacterial system through 425 
binding of these elements and clay-sized detritus with EPS (Dupraz and Visscher, 426 
2005; Dupraz et al., 2009). Cyanobacteria and Mn-oxidizing microbes have their own 427 
cyclic activities (probably day/night in the case of cyanobacteria) and these two 428 
cycles existed in one space on the surface of sediments (Fig. 10A). The presence of 429 
ferrihydrite in the Mn ore sample indicates that the Fe(II)-oxidizing microbes 430 
occasional formed weak Fe-biomats. 431 
 432 
6.1.2. Post-burial diagenesis of the Mn ore deposits 433 
 434 
In the early stages of diagenesis, both cyanobacterial and microbial Mn activity 435 
occurred, and a series of Mn- or Fe-bearing carbonates formed (Table 1; Fig. 10 B, 436 
C). The EPS network present during diagenesis occupied the space until the 437 
respective diagenetic minerals formed. Microbially mediated reactions between δ-438 
MnO2 bio-oxide and organic matter were mainly responsible for the formation of the 439 
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Mn-carbonate deposits (Roy, 2006; Maynard, 2014; Johnson et al., 2016b). This 440 
mechanism also resulted in the negative δ13C signals preserved in the DFMnD 441 
(δ13Ccarb = –5‰ to –9‰ and δ13Corg = –30‰ to –33‰, Chen et al., 2008; Yu et al., 442 
2017). Some of the organic matter became mineralized as carbonates. At the same 443 
time, the decomposition of cyanobacterial cells and EPS began, which liberated Ca, 444 
Si, P, and other elements firmly related to microbial activity (e.g., K and Al). The 445 
formation of Mn-bearing calcite can proceed along multiple paths. The most common 446 
explanation is that Ca2+ attaches to pre-existing rhodochrosite and substitutes for a 447 
fraction of the Mn (Maynard, 2014). The formation of kutnohorite is peculiar, as this 448 
is a rare mineral and not a syngenetic sedimentary one. It is likely that elevated 449 
temperatures created favorable conditions for its formation as supported by the 450 
Raman carbonaceous material geothermometer (~300°C in Fig. 9B) (Žák and 451 
Povondra, 1981; Polgári et al., 2007). The lamination of ankerite is not as regular as 452 
that in rhodochrosite and kutnohorite. The distribution of ankerite was possibly 453 
controlled by that of scattered Fe-biomats during the sedimentary stage. 454 
The formation of some important accessory minerals in the DFMnD also appears 455 
to be linked to diagenetic processes. Fine quartz laminae probably formed from 456 
mobilized silicon after the decomposition of cyanobacterial cells, as living 457 
cyanobacteria collect silica on their surface to form endo- or exoskeletons (Yee et al., 458 
2003; Dupraz et al., 2009). In the same way, the liberated P and Ca led to the 459 
formation of apatite (through the recrystallization of fine-grained phosphorite, whose 460 
distribution can be clearly seen in the CL photos (Fig. 6F–H). During diagenesis, the 461 
system became anoxic and framboidal pyrite formed through bacterial sulfate 462 
reduction (BSR) in the sulfate reduction zone. Although the pyrite framboids in the 463 
DFMnD range from 10 to 30 μm in size, previous research has revealed that the pyrite 464 
framboids in the DFMnD witnessed thermochemical sulfate reduction (TSR) and 465 
contain growth rims with superheavy δ34Spyrite (+50‰ to +70‰) and normal cores 466 
with biogenic δ34Spyrite values (+15‰ to +20‰) (Cui et al., 2018). The original 467 
diameters of the pyrite framboids in the DFMnD should have been 2–5 μm. Formerly, 468 
feldspar was thought to have a detrital origin, similar to quartz, but our FTIR and 469 
SEM-EDS results suggest it most probably has a diagenetic origin. K and Na can be 470 
liberated via the decomposition of cell and EPS to participate in the formation of 471 
feldspar together with the segregating silica; such authigenic feldspar shows no 472 
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luminescence, which would support a diagenetic origin for the DFMnD feldspars 473 
(Marshall, 1998). Clay minerals (illite) were only observed on a micro-scale and are 474 
also diagenetic products. The DFMnD was not dominated by clay mineralization 475 
(Polgári et al., 2012a, 2012b) unlike other black shale-hosted Mn-carbonate deposits 476 
(e.g., the Jurassic Úrkút Mn-carbonate deposit in Hungary). Possible explanations for 477 
the limited clay mineral content in the DFMnD are as follows: 478 
(1) Detrital clay minerals were rare (or not dominant) because ore bed formation 479 
occurred in the center of a basin where terrestrial inputs were minimal; 480 
(2) Diagenetic clay mineral formation did not become a dominant contributor to 481 
mineralogical composition because: i) the liberation of ions was not synchronous, 482 
and if Ca2+ mobilized first it could be incorporated into existing carbonates with 483 
the later mobilized silica possibly forming quartz; ii) if silica dissolved first, the 484 
other ions were missing for clay formation and quartz formed instead; iii) 485 
conditions were not favorable at all for clay mineral formation. 486 
 487 
6.2. Comparison of the Cryogenian DFMnD in South China with the Jurassic 488 
Úrkút Mn deposit in Hungary 489 
The Early Jurassic (Toarcian) Úrkút Mn deposit in Hungary contains strong 490 
evidence for microbially mediated metallogenesis in a two-step microbially mediated 491 
Mn ore formation model. Located in the central Bakony Mountains, the North 492 
Pannonian unit of the Alps–Carpathians–Pannonian region, the Úrkút Mn deposit also 493 
formed in a graben, in this case in the failed rift basin that accompanied the spreading 494 
of the Neotethys Ocean and Alpine Tethys (Haas, 2012; Polgári et al., 2012b). As one 495 
of the most important giant Mn ore deposits in central Europe, reserves of the Úrkút 496 
Mn deposit amount to nearly 300 million tons (Mt) (Polgári et al., 2017). The Mn ore 497 
is preserved in two main laminated Mn-carbonate layers within a black shale 498 
sequence: a 8–12 m thick lower layer and a 2–4 m thick upper layer (Polgári et al., 499 
2012b). The mineralogical composition of the Mn ore is dominated by Mn-carbonate 500 
(Ca-rhodochrosite and kutnohorite) along with Fe minerals (goethite, pyrite, 501 
celadonite, and Fe-smectite). Mn ore beds are separated by the black shale host 502 
(Polgári et al., 2013, 2016a). The entire ore bed is composed of millimeter-scale 503 
woven structures with widespread microbe fossils, indicating a biogenetic origin for 504 
the Mn-carbonate deposit, and both Mn and Fe are initially enriched in the biomats 505 
(Polgári et al., 2007, 2012a,b, 2013, 2016a,b). 506 
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There are therefore some important similarities between the Cryogenian DFMnD 507 
in South China and Jurassic Úrkút Mn deposit in Hungary. Thus, a scenario for their 508 
formation was presented by Polgári et al. (2012a) based on the following points: 509 
(1) Both Mn deposits were formed in the grabens of rift basins with relatively deep 510 
and redox-stratified water conditions, where metal ions (Mn2+ and Fe2+) originated 511 
from hydrothermal/exhalative sources at the bottom of the basins (Haas, 2012; Yu et 512 
al., 2016, 2017). 513 
(2) Accumulation of initial Mn-oxides in both areas occurred under oxic conditions; 514 
indeed, Mn enrichment itself serves as an indicator for obligatory oxic conditions in 515 
the geological record (Maynard, 2010; Johnson et al., 2016b). Changes in oxygen 516 
supply determined whether Mn ores (the enzymatic Mn oxidation engine starts under 517 
obligatory oxic conditions) or black shales (formed under slightly decreasing oxygen 518 
supply) accumulated in both the post-Sturtian Nanhua Basin (Zhang et al., 2015; Yu 519 
et al., 2016) and the Early Jurassic Úrkút Basin (Polgári et al., 2012a, 2016a). The 520 
oxic and low temperature (<100˚C) aquatic systems would have favored microbially 521 
mediated Mn(II) oxidation in both locations (Tebo et al., 2004; Tang et al., 2013). 522 
(3) Evidence for the two-step microbially mediated Mn-carbonate formation is similar 523 
in the two Mn deposits. A prevailing oxygen supply during the deposition of both 524 
deposits is generally reflected in mineralized microbial structures (microlamination, 525 
microtextural evidence such as woven textures, and the presence of biomats as 526 
detected by Raman profiles) and particularly supported by (i) cyanobacterial activity 527 
and microbiogenic Mn micro-laminae with embedded organic material in the DFMnD 528 
and (ii) microbiogenic Mn-rich micro-laminae, a series of Fe-biomats, celadonite, and 529 
embedded organic material in the Úrkút Mn deposits. 530 
The results of our study are extrapolated to the level of ore formation and, although 531 
this will be different between comparable ore deposits (differences between the two 532 
Mn deposits are summarized in Table 2; e.g., Fe content), the basic process of Mn 533 
enrichment is the same. Thus, despite the large temporal gap between the two Mn 534 
deposits (Cryogenian vs. Jurassic; ~480 Myr), the overall microbial mechanism for 535 
Mn biomineralisation/metallogenesis remained the same. 536 
 537 
6. CONCLUSIONS 538 
(1) The Cryogenian DFMnD in Guizhou, South China, contains micro-scale 539 
evidence for biogenic influence on Mn metallogenesis. Microbial woven micro-540 
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textures, microbial fossils, and pyrite framboids are prevalent in the laminated Mn-541 
carbonate ore samples. High-resolution in situ micro-Raman spectroscopy reveals 542 
variations in the mineralogy (Ca-rhodochrosite, kutnohorite, ankerite/dolomite, and 543 
quartz) of the microlaminae. This potentially indicates changes in the microbial 544 
assemblage (Mn- and Fe-oxidizing microbes and cyanobacteria) during the formation 545 
of the Mn ore deposits resulting in mineralized laminae (microbialite) with alternating 546 
compositions. 547 
(2) A model for the two-step microbially mediated Mn-carbonate formation of the 548 
DFMnD is proposed based on new evidence. Precipitation of Mn started by the 549 
activation of the enzymatic multi-copper oxidase process via autotrophic microbial 550 
activity under oxic conditions. After burial in organic-rich sediments, Mn(IV) oxides 551 
or hydroxides were reduced to soluble Mn(II) through processes mediated by 552 
heterotrophic microbes under sub-oxic conditions and then re-mineralized to form 553 
Mn-carbonates. Locally, the system reached the anoxic sulfate reduction zone 554 
(framboidal pyrite). 555 
(3) A comparison of the Cryogenian DFMnD in South China and the Jurassic 556 
Úrkút Mn deposit in Hungary reveals important similarities in the formation of these 557 
Mn deposits. Thus, microbially mediated Mn-carbonate formation is a basic process 558 
in the Mn cycle that can be observed throughout the geological record. 559 
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Figure and table captions 
Fig. 1: (A) Tectonic map of China; (B) Paleogeographic map for the Cryogenian 
Nanhua Rift Basin, South China, rectangular outline shows the position of Fig. 2 A; 
(C) Cross-section for the post-Sturtian interglacial strata in the Nanhua Rift Basin. 
 
Fig. 2: (A) Geological map for the Wuluo Village, Songtao County, Guizhou, South 
China; (B) Detailed geological map for the study area and locations of sampling sites. 
 
Fig. 3: Lithologic columns and sampling locations for the mining tunnel section LB-
A, LB-B and the drill core section ZK2001. 
 
Fig. 4: The thin sections show mineralized biomats well visible on panorama photos 
of the respective samples (A) LB-171, (B) LB-304, (C) ZK2001-83, and (D) HU-LB-
304; (E-F) display mineralized biomats under the optical microscope, PPL, sample 
HU LB-304; (G-H) illustrates mineralized biomats of sample HU LB-304 under the 
optical microscope, XPL; on (H) a rhythmic precipitation of silica is visible. 
 
Fig. 5: The mineralized microbially produced micro-texture (MMPT) is a basic 
feature of all the samples. (A-B) sample LB-171 (optical microscope, PPL), 
filamentous, needle-like, spherical MMPTs are denoted by arrows, micron-size pyrite 
and amorphous organic materials can also be observed; (C) sample LB-304 (optical 
microscope, PPL), filamentous and spherical MMPTs are denoted by arrows; (D) 
sample HU-LB-304 (optical microscope, PPL), spherical and bead-like MMPTs are 
denoted by arrows. 
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Fig. 6: Optical microscope and cathodoluminescence photos of sample HU-LB-304. 
(A) optical microscope, PPL; (B) optical microscope, XPL; (C) optical microscope, 
PPL; (D) optical microscope, XPL; (E, F) CL image of the same part of Fig. 6 A B. 
 
Fig. 7: EPMA-EDS back-scattered images of sample HU LB-304. (A) series of 
mineralized microbially produced micro-texture (MMPT); (B) enlargement of marked 
area in Fig. 7A; (C) framboidal pyrite; (D) micro-fossils preserved in the carbonate 
lamina; for composition see Table S2 and SI 1. 
 
Fig. 8: (A) Thin section from rock sample HU-LB-304, with the line of Raman 
measurement (red line); (B-D) the number of peaks per 1 mm section; for legend see 
Table S3. 
 
Fig. 9: Highest temperature calculation during the thermal evolution history of 
organic material based on Raman spectral analyses, using peak width (Raman 
carbonaceous material geothermometer, see Kouketsu et al. 2014). 
 
Fig. 10: Simplified formation model of the microbial metallogenesis pathway for the 
Cryogenian DFMnD in Guizhou, South China. 
 
Table 1. Sediment accumulation and rock formation hierarchy for the Cryogenian 
Datangpo Formation Mn ore deposits (bold text shows important aspects) 
 
Table 2. Comparison of Cryogenian Datangpo Mn deposit in China and the Jurassic 
Úrkút Mn deposit in Hungary– differences. 
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Microbial metallogenesis of the Cryogenian manganese ore deposits in South 
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SI 1. Measuring points on back scattered electron images, chemical and mineral 
composition (for details see Table 2) (EDS) 
  
SI 2. Mineralogical distribution in Raman profiles (analysing points are in 10 µm 
interval). 
  
SI 3. Peaks of minerals and mineralogical assemblages in the Raman profiles 
(analysing points are in 10 µm interval). 
 
Table S1. Mineralogy based on FTIR-ATR for the Cryogenian Datangpo Foramtion 
manganese deposit in Guizhou, South China 
 
Table S2. Chemical composition based on SEM-EDS measurements (wt.%) – (blue: 
kutnohorite; red: Ca-rhodochrosite) 
 
Table S3. (A) Peak (lamina) numbers/mm sections and (B) lamina thickness 
calculation in sample HU-LB-304 in the Datangpo Formation manganese deposit of 
Guizhou, South China 
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Fig. 1: (A) Tectonic map of China; (B) Paleogeographic map for the Cryogenian 
Nanhua Rift Basin, South China, rectangular outline shows the position of Fig. 2 A; 
(C) Cross-section for the post-Sturtian interglacial strata in the Nanhua Rift Basin. 
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Fig. 2: (A) Geological map for the Wuluo Village, Songtao County, Guizhou, South 
China; (B) Detailed geological map for the study area and locations of sampling sites. 
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Fig. 3: Lithologic columns and sampling locations for the mining tunnel section LB-
A, LB-B and the drill core section ZK2001. 
 
 
Fig. 4: The thin sections show mineralized biomats well visible on panorama photos 
of the respective samples (A) LB-171, (B) LB-304, (C) ZK2001-83, and (D) HU-LB-
304; (E-F) display mineralized biomats under the optical microscope, PPL, sample 
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HU LB-304; (G-H) illustrates mineralized biomats of sample HU LB-304 under the 
optical microscope, XPL; on (H) a rhythmic precipitation of silica is visible. 
 
 
Fig. 5: The mineralized microbially produced micro-texture (MMPT) is a basic 
feature of all the samples. (A-B) sample LB-171 (optical microscope, PPL), 
filamentous, needle-like, spherical MMPTs are denoted by arrows, micron-size pyrite 
and amorphous organic materials can also be observed; (C) sample LB-304 (optical 
microscope, PPL), filamentous and spherical MMPTs are denoted by arrows; (D) 
sample HU-LB-304 (optical microscope, PPL), spherical and bead-like MMPTs are 
denoted by arrows. 
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Fig. 6: Optical microscope and cathodoluminescence photos of sample HU-LB-304. 
(A) optical microscope, PPL; (B) optical microscope, XPL; (C) optical microscope, 
PPL; (D) optical microscope, XPL; (E, F) CL image of the same part of Fig. 6 A B. 
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Fig. 7: EPMA-EDS back-scattered images of sample HU LB-304. (A) series of 
mineralized microbially produced micro-texture (MMPT); (B) enlargement of marked 
area in Fig. 7A; (C) framboidal pyrite; (D) micro-fossils preserved in the carbonate 
lamina; for composition see Table S2 and SI 1. 
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Fig. 8: (A) Thin section from rock sample HU-LB-304, with the line of Raman 
measurement (red line); (B-D) the number of peaks per 1 mm section; for legend see 
Table S3. 
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Fig. 9: Highest temperature calculation during the thermal evolution history of 
organic material based on Raman spectral analyses, using peak width (Raman 
carbonaceous material geothermometer, see Kouketsu et al. 2014). 
 
 
 
Fig. 10: Simplified formation model of the microbial metallogenesis pathway for the 
Cryogenian DFMnD in Guizhou, South China. 
 
 
